In this paper, the control of the force due to the interaction with the environment of a robotic manipulator with relevant and adjustable joint stiffness is addressed. It is assumed that the interaction force is not directly measurable and a controller able to estimate this force is proposed. Also the problem of controlling simultaneously both the position and the stiffness trajectory in the robot workspace is investigated. Moreover, the proposed controller provides useful information for the implementation of collision detection/reaction strategies. The proposed control approach has been validated by means of the simulation of a two-link planar manipulator.
INTRODUCTION
Nowadays an important research topic in the field of robotics is the development of a class of robots, and of the relative control algorithms, that has to satisfy completely different requirements with respect to common industrial manipulators. While this latter class of devices is characterized by heavy and very stiff structures with limited capacity of interaction with unstructured environments and humans, the research effort for the development of human friendly and safe robots is motivated by the potential benefits given by the introduction of robots in human everyday activities, such as for assistance to elder or handicapped people, homework activities, entertainment, and so on. In (Bicchi et al. [2001] , Bicchi and Tonietti [2004] ) it has been shown how the introduction of transmission systems with relevant and adjustable compliance can solve the problem of achieving at the same time safety, accuracy and rapidity of the movements. Several prototypes of variable stiffness joints for robotic applications have been designed and developed by different research groups, see (Tonietti et al. [2005] , Migliore et al. [2007] , Wolf and Hirzinger [2008] , Schiavi et al. [2008] ), with the aim of verifying the effectiveness of this approach to safe robot design and to study the optimal design trade-off, even if limited to the single joint case. On the other hand, the adoption of variable stiffness joints implies a more complex mechanical design and the necessity of a couple of actuators to adjust simultaneously both the joint position and stiffness. It follows a more complicated control approach, especially when kinematic structures with multiple DOF are considered. In (Palli et al. [2008] ) a general approach to the feedback linearization and the simultaneous decoupled control of both the position and stiffness of a serial manipulator actuated by ⋆ This research has been partially funded by the EC Seventh Framework Programme (FP7) under grant agreement no. 216239 as part of the IP DEXMART (DEXterous and autonomous dual-arm/hand robotic manipulation with sMART sensory-motor skills: A bridge from natural to artificial cognition) and by the Italian MIUR with the PRIN2007CCRNFA-004 (SICURA project). means of variable stiffness joints is proposed, while in (Palli and Melchiorri [2009] ) a robust controller for the compensation of the model uncertainties in variable stiffness robotic manipulators is presented. The latest results in this field are reported in (Palli and Melchiorri [2010] ) where an output-based dynamic compensator for the task space control of kinematic chain actuated by means of variable stiffness joints has been designed and verified through simulations. In this paper, the properties of this output-based dynamic compensator has been exploited to implement a virtual force sensing for this particular class of robots. The proposed control strategy is configured as a cascade system composed by three independent controllers and a virtual force sensor that detects the contact force. A singular perturbation analysis is then applied to the resulting system to show the separation of the dynamics of the different components, that are the arm, the positioning actuators and the stiffness actuators, obtaining in this way a reduced order model of the manipulator and then a simplified control structure. The proposed control approach is then validated by means of simulations of a two-link planar manipulator with variable stiffness joints.
SYSTEM DYNAMICS
The general dynamic model of a robot with n variable stiffness joints proposed by (Palli et al. [2008] ) is considered as starting point for the analysis, and a second-order dynamic model is used to describe the stiffness behavior of the joints (or, more in general, of the transmissions) in view of the mechanical nature of the system. A schematic representation of the general working principle of a variable stiffness joint is depicted in Fig. 1 : it is possible to see that the robot link (on the right side) is moved by means of a positioning actuators (on the left side), and these two parts are connected by an elastic element modulated by means of a second actuator, the stiffness actuator (in the lower center part). The system is then composed by the dynamics of a robotic arm with n joints driven by n positioning actuators through elastic elements, and by n stiffness actuators that modify the characteristic of the couplings that connect the the positioning actuators to the joints. To simplify the analysis, it is assumed that no coupling between the actuators of different joints is present. Let q, θ, k ∈ R n be, respectively, the generalized position of the joints, the positions of the the positioning actuators and the vector of the joint stiffness. With the same assumption adopted by (Spong [1987] ) (namely, the contribution to the robot kinetic energy, the angular velocity of the motors is due only to their own spinning), the dynamic model of the system can be written as:
where M(q) is the inertia matrix of the robotic arm, the vector N(q,q) contains the centrifugal, Coriolis and gravity forces, K = diag{k 1 , . . . , k n } > 0 is the joint stiffness matrix, B = diag{b 1 , . . . , b n } is the inertia matrix of the actuators, τ θ , τ k ∈ R n are the positioning and the stiffness actuators command torques respectively, τ e is the joint torque contribution due to the effect of an external load, i.e.:
where J(q) is the manipulator Jacobian matrix and F e is the external wrench. Finally, γ(q, θ, k) and β(q, θ, k) are used to model the stiffness variation as a function of the device configuration: these functions depend on the particular implementation of the variable stiffness mechanisms. Note that
T are alternative representations of the joint stiffness. It is considered that K(t) > 0, ∀t, since it has no physical meaning to consider negative stiffness, while if the stiffness drops to zero the joint/transmission would lead to an unactuated system. It is also assumed that only the actuators configuration θ and k are measurable together with the joint position q. In (Palli et al. [2008] ) it has been shown that the existing implementations of variable stiffness joints can be described by the dynamic model (1)-(3). As a non-restrictive assumption, all the effects due to frictions, dead-zones, non-modeled dynamics, parameters variability etc. acting on the actuators are collected in the functions η {θ,k} (t). It is then possible to refer to the nominal system dynamics by considering η {θ,k} (t) = 0. As simplifying assumption, the perfect knowledge of the manipulator dynamics is assumed.
CONTROL STRATEGY
The main control goal is to achieve the tracking of suitable workspace trajectories assigned to the manipulator end-effector while maintaining a desired level of stiffness both at the joint and at the task level. To this end, a cascade controller able to decouple the actuators dynamics from the arm dynamics has been designed, and a detailed description of the blocks that compose the controller are reported in the following. An overview of the complete system is depicted in Fig. 2 .
Preliminaries
Consider the dynamic system
where v,v are the state variables, v is the measurable output, w is an exogenous measurable signal, A(·, ·) is a symmetric positive definite (invertible) matrix, f (·, ·, ·) is a smooth limited function and α is a generic function of the time collecting all the disturbance and uncertainties of the system. It is assumed that ||α|| ≤ δ, where δ is a positive constant representing a suitable bound of the disturbances, and that
Due to the general separation principle introduced by (Teel and Praly [1994] ) for SISO systems and then extended to MIMO systems by (Yang and Lin [2006] ), semi-global stability of the desired equilibrium of the system (4) in nominal conditions (α = 0) can be achieved by output feedback since: 1) state feedback linearization is clearly possible under the previously defined hypotheses; 2) the system is uniform complete observable. Then, the following theorem holds: Theorem 1. The system (4) under the effect of the output-based dynamic compensator:
with Λ 1 , Λ 2 , Γ 1 , Γ 2 , Γ 3 positive definite (diagonal) matrices, has a unique steady-state (v d and α are preliminary assumed constant) exponentially-stable equilibrium point with arbitrary fast dynamics.
Proof. By defining the state vector of the whole system plus controller
the whole dynamics of the system (4)-(10) can be written as:
where
where the arguments of A(·, ·) are omitted for brevity. Note that the first two elements of ε are the state of (4) plus the generalized position reference, while the other components represent the state of the dynamic compensator.
At first, the autonomous linear system obtained by neglectinĝ α is considered. As can be easily seen also by looking at the partitioning of the matrix H in eq. (12), the eigenvalues of H can be freely selected by means of a suitable choice of the parameters Λ 1 , Λ 2 , Γ 1 , Γ 2 and Γ 3 , moreover these eigenvalues can be selected independently for the dynamic compensator and for the system dynamics. Then due to the linearity of the nominal system, the origin is the unique exponentially-stable equilibrium point of the autonomous (nominal) system and the rate of convergence can be made arbitrarily fast.
Now the implications of the previous hypothesis (5) are considered: on this basis and looking at eq. (14) it is possible to write: (11) can be seen as a vanishing perturbation of the nominal system, then the exponential stability of the equilibrium point can be recovered by means of a suitable choice of the controller parameters Khalil [2002] .
Moreover, by assuming constant values of v d and α, namely v d ss and α ss , the steady-state equilibrium point of the system is:
It is also possible to show that the system (4)-(10) under the effects of non-vanishing and non-constant bounded disturbances α is Ultimate Uniformly Bounded (UUB, Khalil [2002] ). Eq. (10) represents the internal model of the system and, in steady-state conditions, from (15) results that only z 3 is affected by the external disturbance. In general, it is possible to show that A(v, w)Γ 3 (z 3 − z 2 ) provides a filtered estimation of the disturbance α, then its effect on the system, and in particular on eq. (7), can be seen as a disturbance compensation action (i.e. it compensates for the effects of α on the system behavior), this compensation action can be annihilated by posing Γ 3 = 0. Other useful implications of the disturbance estimation are related to the considered application and will be clarified in the next sections.
Actuators Control Design
The dynamics of both the positioning actuators eq. (2) and of the stiffness actuators eq. (3) are in the form of (4). This means that both these dynamics can be decoupled from the one of the arm (1) by using two controllers of the type (6)- (10), one for the positioning actuators and one for the stiffness actuators. Fig. 2 . Scheme of the overall output-based controller.
Due to the implications of Theorem 1, the possibility of assigning an arbitrary dynamics to the actuators allows to obtain a two time-scale system, where the actuators represent the fast system and the arm the slow one, and then to apply a singular perturbation approach to reduce the order of the robot dynamics:
and θ d is the vector of the desired positioning actuators con-
. . , k n d } is the matrix of the desired joint stiffness,α {θ,k} summarize the disturbances acting on the positioning and stiffness actuators respectively and z i {θ,k} are the state variables of the dynamic compensator of the positioning and stiffness actuators. On the basis of Theorem 1, for both eq. (16) and (17) it is possible to write:
where the distinction between the positioning and the stiffness actuators has been omitted for brevity. Since the eigenvalues of H can be freely assigned, it is clear how the time scale of eq. (16) and (17) can be made arbitrarily faster that the one of (1), then (18) represents the fast manifold dynamics. With some abuse of notation, as ||H −1 || → 0 (remember that this can be done by a suitable choice of the controller parameters) the fast manifold dynamics (18) degenerates, and due to Theorem 1, it is possible to state that the fast manifold has a unique root expressed by eq. (15). Form eq. (15)- (17), since the disturbance does not affect the coupling between the actuators and the arm, it is then possible to define the reduced-order model of the robotic manipulator with variable joint stiffness as:
where the actual actuator configuration θ and k have been substituted with the desired one θ d and k d in the arm dynamic equation.
Trajectory Planning for the Actuators
The direct kinematic problem of the manipulator and its Jacobian matrix are defined as:
where p ∈ R n is the manipulator end-effector position in the task space, assumed here with dimension equal to n. All the problems related to manipulator redundancy are not addressed in this paper for brevity, then only the case in which the inverse Jacobian matrix J(q) −1 exists is considered. The desired trajectory will be specified as usual for rigid robots. Let's define as p d ,ṗ d andp d the vectors of the desired position, velocity and acceleration of the end-effector. It is assumed that the trajectories are limited and continuous (at least with a piecewise continuous acceleration profilep d ). Obviously also in face of the assumptions made above, singularities of the manipulator must be avoided or explicitly considered in the controller, as in general for task space based robot control. It is then possible to define the desired joint-space trajectory as: (20) denotes the inverse kinematic problem. An important remark is that the mechanical joint stiffness K has been introduced to decouple the actuators inertia from the one of links and then to reduce the energy transfer from the robot to the environment (or the humans) in case of unexpected collisions (Tonietti et al. [2005] ). Then, the desired joint stiffness K d is selected only on the base safety requirements, while the manipulator workspace stiffness K w d during normal operation are rendered by the arm controller on the base of the task requirements. Once the joint stiffness has been determined on the basis of suitable safety requirements, the torque provided to the joints by the actuators can be regulated by acting on θ, i.e. by a suitable selection of the positioning actuators configuration. To this end, (19) can be rewritten as:
where τ act is the vector of the torques provided by the joined action of the stiffness and the positioning actuators. It follows that the desired positioning actuators configuration θ d can be computed as:
25) where τ act d is the vector of the desired joint torques computed by the arm controller and defined in the following.
In case the open loop torques need to be computed, the nominal model of the manipulator can be taken into account, and the actuation torque τ act d can be computed from the desired arm joint-space trajectory:
These relations allow the computation of the reference signals for the fast systems (the actuators) given the trajectory of the slow one (the arm), thus resulting in an open-loop control of the robotic manipulator.
Arm Control Design
Since the dynamics of the manipulator with variable stiffness actuation has been reduced in eq. (23) to the dynamics of a rigid robot, any control strategy for these class of devices can be now applied to the system under analysis. Several robust controllers for robotic arms have been presented in literature, see e.g. the works of (Yu and Li [2006] , Shin and Lee [1999] , Tomei [1999] ) for some well known examples. Besides this fact, a particular implementation of the controller is suitable in the case of robots with variable joint stiffness.
It is here assumed that the force F e applied by the end-effector to the environment is not measurable. With the aim of controlling the workspace motion of the manipulator and by noticing that, considering the external force F e as a disturbance, the robotic arm dynamics (1) is in the form (4), a specialized version of the controller (6)-(10) is proposed: A suitable estimation of the external force F e can be then assumed as: (26)- (27) can be written as:
The last term in eq. (36) represent the perturbation on the system dynamics due to the use of the force estimation instead of a direct measure. A part from this spurious term, the system is now configured as an impedance control system. Once the torque τ act d is determined by means of (26), the reference signals for the positioning actuators can be computed through eq. (25).
In the case of the arm dynamics, the filtered estimation of the disturbance acting on the joints provided by eq. (30), also called residuals (De Luca and Mattone [2003] ) in the robotic community, can be used for fault evaluation (De Luca and Mattone [2005] ) and collision detection/reaction (De Luca et al. [2009] ), and they have recently been successfully used for safe interaction of lightweight robots with human operators by (De Luca et al. [2006] , Haddadin et al. [2008] ). The possibility of exploiting the properties of robots with variable stiffness actuation together with the safety-oriented control techniques related to the use of the residuals justifies the proposed implementation of the controller. With the aim of clarifying the structure of the proposed controller, a scheme of the overall system is reported in Fig. 2 
SIMULATION OF A TWO-LINK PLANAR MANIPULATOR
The proposed control approach has been validated by means of simulations of a planar two-link robotic arm with variable stiffness actuation. The extension of the proposed approach to the case in which gravity compensation is needed is straightforward, since the gravitational term can be included in N(q,q). Due to space limitations, the well-known dynamic model of the arm and the solution of the previous equations for this system are omitted. The reference position trajectories in the workspace are generated by means of filters able to compute the trajectory derivatives up to the 2-nd order. It is assumed that the joint stiffness trajectories are provided by a suitable safety controller on the basis of the some requirements given by the particular application and context, since it is not within the scope of this paper to deal with the choice of proper joint stiffness value according with the task to be accomplished.
The parameters of the 2-link planar manipulator are reported in Tab. 1, while the parameters of the workspace controller are reported in Tab. 2. The links of the manipulator are considered identical for simplicity. During the simulations, friction and uncertainties in the parameters have been assumed in the dynamics of both the positioning and the stiffness actuators, while the perfect knowledge of the arm dynamics has been assumed. In Fig. 3 the response of the system during the execution of a trajectory in the workspace and with suitable joint stiffness reference is reported in the case the external force is measurable, while in Fig. 4 the response of the system to the same reference trajectory is reported in the case the proposed external force estimation procedure is used for the control of the interaction force of the manipulator with the environment. In particular, in both the case the joint stiffness trajectory is tracked with limited error due to the disturbance and model uncertainties, and the trajectory of the positioning actuators is limited and quite smooth. For a better explanation of the system behavior, the desired workspace stiffness has been selected diagonal, and the external forces have been applied in different instants along the Cartesian coordinates of the workspace x and y. It is possible to see from both Fig. 3 and 4 that in steady-state conditions the effects of the external force are decoupled along the directions of the workspace. The only evident difference that emerges form the comparison between these plots is in the deviation of the end-effector from the reference position when the external force changes: in case the estimation of external force is used in the controller, the system shows less damped oscillations in response to the abrupt change of the external force with respect to the case in which the external force is directly measured.
CONCLUSIONS
The proposed controller allows the simultaneous non-interactive workspace stiffness-position control with limited error, disturbance compensation and control of the environment interaction force. The control objective is achieved by a multi-level controller that decouples the dynamics of both the positioning and the stiffness actuators from the arm dynamics. This result is obtained by applying a singular perturbation approach that allows the reduction of the order of the system dynamics. Moreover, the proposed controller presents several advantages with respect to previous approaches for this class of devices, as the rigid-robot-like trajectory specification, the reduced complexity of the controller and the availability of the system residuals for collision detection/reaction purposes to cite some of those. The proposed control approach is validated by means of the simulation of two-link planar manipulator and the experimental validation of the proposed approach will be considered in the next future.
